The impact of dropwindsonde data on track forecasts is different in the NCEP and ECMWF model systems. Using the NCEP system, the assimilation of dropwindsonde data leads to improvements in 1-to 5-day track forecasts in about 60% of the cases. The differences between track forecasts with and without the dropwindsonde data is generally larger for cases in which the data improved the forecasts than in cases in which the forecasts were degraded. Overall, the mean 1-to 2 5-day track forecast error is reduced by about 10-20% for both DOTSTAR and T-PARC cases in the NCEP system. In the ECMWF system, the impact is not as beneficial as in the NCEP system, likely due to more extensive use of satellite data and more complex data assimilation used in the former, leading to better performance even without dropwnidsonde data. The stronger impacts of the dropwindsonde data are revealed for the 3-to 5-day forecast in the two-model mean of the NCEP and ECMWF systems than for each individual model.
5-day track forecast error is reduced by about 10-20% for both DOTSTAR and T-PARC cases in the NCEP system. In the ECMWF system, the impact is not as beneficial as in the NCEP system, likely due to more extensive use of satellite data and more complex data assimilation used in the former, leading to better performance even without dropwnidsonde data. The stronger impacts of the dropwindsonde data are revealed for the 3-to 5-day forecast in the two-model mean of the NCEP and ECMWF systems than for each individual model.
Introduction
Starting in 2003, the research program "Dropwindsonde Observations for Typhoon Surveillance near the Taiwan Region" (DOTSTAR) marked the beginning of an era of tropical cyclone (TC) surveillance and targeted observations in the western North Pacific using GPS dropwindsondes (Wu et al. 2005 ). This program is built upon work pioneered by the National Oceanic and Atmospheric Administration Hurricane Research Division to improve TC track forecasts in the Atlantic (Burpee et al. 1996; Aberson and Franklin 1999; Aberson 2003) . of three global models by an average of 22%. Improved methods to combine the dropwindsonde data with bogus vortices showed a clear positive impact on both the TC track and intensity forecasts in a mesoscale model (Chou and Wu 2008) . In addition to the impact of DOTSTAR dropwindsonde data on TC track forecasts, detailed aspects like targeted observations on TCs and validation of remote sensing data have also be studied (Wu et al. 2007b (Wu et al. , 2009a Yamaguchi et al. 2009;  In summer 2008, the international THORPEX Pacific Asian Regional Campaign (T-PARC) was conducted in the western North Pacific. The aim of the multi-national field campaign was to address short-range TC dynamics and forecast skill in one region and the downstream impacts of TCs on medium-range dynamics and forecast skill in another region (Elsberry and Harr 2008; Parsons et al. 2008 ). This was the first time that four aircraft (the DOTSTAR Astra jet, the German Aerospace Center (DLR) Falcon 20, a U.S. Navy P-3 and a U.S. Air Force C-130) were used simultaneously to observe typhoons. DOTSTAR Astra and DLR Falcon sampled the TC environment, especially in the high-sensitivity (target) areas, while the P-3 and C-130 conducted reconnaissance flights in the inner core and rainband areas of TCs.
Onboard observation equipment and expendables, such as Global Positioning System (GPS) dropwindsondes, wind and water vapor LIght Detection And Ranging (LIDARs), Doppler radar, and airborne expendable bathythermographs were deployed.
The experiment provided unprecedented, valuable data for studying the physics, dynamics, and thermodynamics of the track and intensity, structure change from genesis through extratropical transition, targeting, and TC predictability. During the T-PARC field campaign, in total the four aircrafts flew more than 500 hours, including the observations of Typhoons Sinlaku, Hagupit and Jangmi, and more than 1500 additional soundings were obtained .
Although the overall added value of the dropwindsonde data in improving typhoon track forecasts over the western North Pacific has been demonstrated, the impact of dropwindsondes has not been shown to be statistically significant due to the limited number of DOTSTAR cases studied previously (Wu et al. 2007a) . In this paper, a larger sample of cases is examined to obtain more reliable statistics.
The model and analysis method used in this study are presented in Section 2. 
The Model Descriptions and Experimental Designs
To evaluate the impact of dropwindsonde data on numerical forecasts in the western North Pacific during the DOTSTAR and T-PARC programs, the NCEP GFS and European Centre for Medium-Range Weather Forecasts (ECMWF) Integrated Forecast System (ECMWF IFS) modeling systems are used. Two runs were conducted to assess the impact of dropwindsonde data on track forecasts. In the control run the dropwindsonde data were assimilated into the model (NCEP-O), whereas in the denial run, the dropwindsonde data were not used (NCEP-N). All other observations from the NCEP final archive were assimilated in both sets of runs. The control runs were made in real time, and the denial runs were completed retrospectively. Within the DOTSTAR program, surveillance missions are performed for one TC at a time, usually at 00 UTC, whereas during T-PARC observations such missions are conducted at multiple times for each TC during its lifetime. The denial runs are initiated when the first surveillance data are assimilated into the model for a particular storm or set of storms and continue until 12 h after the last mission is completed (Aberson and Etherton 2006) . Dropwindsonde data were All tracks of observed TCs and locations of deployed dropwindsondes are shown in Fig. 1 ; information on each case is listed in Table 1 . With more cases examined than in Wu et al. (2007a) , the statistical confidence level of improved track forecasts from DOTSTAR dropwindsonde data is stressed in this study.
Only 42 cases were examined for the control and denial runs to assess the impact of dropwindsonde data from the NCEP Global Forecast System, because the data were not transferred to the Global Telecommunications System (GTS) in real-time in the other three. The forecast tracks from both control and denial runs are compared against the best tracks from JTWC. (Fig. 2c) . The dropwindsonde data significantly improved the timing of recurvature of Meari and Lupit (Fig. 4a,c) and the eastward bias of Sinlaku (Fig. 4b) , but slightly degraded the track forecasts of those TCs (Mindulle, Morakot, and Parma) that were influenced by the terrain of Taiwan and Luzon (Fig. 4d-f ).
The impact of the dropwindsonde data at each forecast time on NCEP GFS track forecasts is shown in Fig. 5 . The overall impact of the data is an error reduction of 10% at 24 h, gradually increasing to 22% later in the forecast period. The improvements are statistically significant at the 95% confidence level (paired t-test with one-sided distribution, Larsen and Marx 1981) at 48-h, 72-h and 96-h forecast lead times and at the 90% confidence level at 24 h and 120-h forecast lead times. The result obtained here is similar to the finding obtained from the ten-year operational synoptic surveillance of 176 missions conducted in the Atlantic (Aberson 2010a ).
These missions led to 10-15% improvements in GFS track forecasts during the critical watch and warning period before possible landfall (within the first 60 h) at mission times.
Multi-model results from DOTSTAR during 2005-2009
The ECMWF IFS system has also been used to evaluate the impact of Figure 8 shows the track error reduction by using the dropwindsonde data for each case in the NCEP GFS, the ECMWF IFS and the two-model mean at 48 h and for the average during the forecast period. For the 48-h forecast in ECMWF IFS (Fig.   8b ), although the number of cases improved is larger than that of those degraded, the magnitude of improvement in positive cases is smaller than that of degradation in negative cases. For the average track error reduction of the ECMWF IFS (Fig. 8e) , the number of cases with track improvement is larger than that of the degraded ones, because the impact of the dropwindsonde data in the control run is larger during longer forecast periods in the ECMWF system than in the GFS. For the two-model mean result both at 48 h and for the average during the forecast period (Figs. 8c, f) , as compared to the result of NCEP GFS (Figs. 8a, d ), the percentage of cases with track improvement is similar to that in the NCEP GFS. The percentage of cases improved at each forecast time for the NCEP GFS, the ECMWF IFS and the two-model mean are shown in Fig. 3 . In the ECMWF IFS, except during the 30 h -72 h forecast period, the percentages of cases improved are higher than 50%, averaging around 62% for the entire forecast period. For the two-model mean, the result is consistent with the NCEP GFS. The percentage of cases improved is higher than 50% during nearly the entire forecast period, with an average of 72%.
The case-averaged impact for cases between 2005 and 2009 at different forecast times in the NCEP GFS, the ECMWF IFS, and the two-model mean is displayed in Fig. 9 . For the NCEP GFS (Fig. 9a) , the dropwindsonde data lead to 20% to 80% mean track error reduction and the statistically significant level is at least 90% at all forecast times. For ECMWF IFS (Fig. 9b) , the mean track error reductions are 10%, 20%, and 60% at 24 h, 96 h, and 120 h, but are -4% and -30% at 48 h and 72 h respectively. Results at 72 h, 96 h, and 120 h are statistically significant at the 90% confidence level.
For the two-model mean result (Fig. 9c) , the mean track error reductions are roughly 10-15 % for 24-72 h forecasts, but the statistical significance is below 90%.
At 96 h and 120 h, a mean track error reduction (significant at the 95% confidence level) of 50% and 90% is achieved, but the sample size is small. The two-model mean has smaller track errors than individual members during most of the forecast time (especially at 96 h and 120 h, explaining the statistical significance). This result demonstrates the advantage of the two-model mean over the individual models.
Results from T-PARC program in 2008
The impact of dropwindsonde data on track forecasts during T-PRAC has been studied by Weissmann et al. (2010) using the ECMWF IFS, JMA GSM and NCEP GFS and the limited area Weather and Research and Forecasting (WRF) model. In addition, Harnisch and Weissmann (2010) showed a beneficial influence on track forecast with the ECMWF IFS for Typhoon Sinlaku and Jangmi using mainly DOTSTAR dropwindsonde data in the vicinity of the storm. Aberson (2010b) examined the impact of dropwindsonde data from T-PARC and the NOAA Hurricane Field Program on global TC forecasts by the NCEP GFS system. Jung et al. (2010) also conducted experiments examining impacts of dropwindsonde data with regional WRF model, and showed that the assimilation of dropwindsondes data results significantly improves the track forecasts of Typhoon Jangmi. In this section, the impact of dropwindsonde data from the T-PARC field experiment on the NCEP GFS is also examined. In particular, the forecast tracks of Typhoons Sinlaku and Jangmi (with most abundant data observed during T-PARC) from NCEP GFS are presented. Figure 10 shows the best and the worst three cases from among the 32 Sinlaku and Jangmi cases. In general, the assimilation of dropwindsonde data usually helps capture the timing of recurvature of Sinlaku and shows more improved tracks than degraded ones. However, the assimilation of dropwindsonde data leads to a westward track bias in Jangmi runs with larger degradations than improvements.
The track error reduction by the dropwindsonde data for each individual case is shown in Fig. 11 . For most Sinlaku experiments, the improvement is marginal at the beginning of the forecast, but increases with forecast lead time. In contrast, for most Jangmi cases, the improvement is substantial at the beginning of the forecast period, but becomes negative as forecast time increases. Although negative impacts occur for Jangmi cases, the magnitudes are much smaller than those of the Sinlaku cases. Figure 12 shows the percentage of cases improved at each forecast time for Sinlaku and Jangmi. For Sinlaku, the percentage of cases improved is above (under) 70% after (before) 36 h, and averages 71% for the entire forecast period. Nevertheless, the result for the Jangmi cases is opposite, and the percentage of improved cases is above (under) 60% before (after) 36 h and averages 47% for the entire forecast period.
Because of the larger sample size of Sinlaku cases compared to Jangmi, the percentage of improved cases in T-PARC is closer to that of Sinlaku, with a forecast-period average of 65%.
The case-average track error statistics during T-PARC are shown in Figure 13 .
For Sinlaku cases (Fig. 13a) , because of the large sample size, the case-averaged track forecast error reductions at each forecast time are relatively constant. In addition to minor improvements at 24 h, statistically significant improvements of about 30-40% are obtained during other forecast times. The Jangmi cases (Fig. 13b) , in contrast, have much lower consistency in forecast track error reductions due to the relatively small sample size. The track error reduction of 40% in Jangmi cases at 24 h lead time is significant (although the number of cases in Jangmi is only eight, the t-test calculation still shows it well exceeds the 95% confidence level), whereas the degraded tracks obtained at other forecast times are not statistically significant. For all the T-PARC cases (Fig. 13c) , except for the non-significant impact at 120 h, the dropwindsonde data significantly improves track forecasts by 20% during the entire forecast period. The impact of dropwindsonde data on track forecasts is different between the NCEP and ECMWF systems. For the NCEP system, the assimilation of dropwindsonde data leads to track improvement (degradation) in approximately 60%
Concluding remarks
(40%) of all cases, whereas the improvement in track forecast error is generally larger than the degradation. Overall, the mean 1-to 5-day track forecast error is reduced by about 10-20% for both DOTSTAR and T-PARC cases (exceeding 90% t-test confidence level). However, for the ECMWF system, the impact is not robust for the entire forecast period. The case-average track error reduction is positive in the beginning and later forecast lead times, but turning negative in between. There are track improvements by using dropwindsonde data at forecast lead times of 96 h and 120 h, but the sample size is small. Small average track degradations are significant at 72 h lead time. Larger impacts of the dropwindsonde data are found in 3-to 5-day forecasts when the two-model mean of the NCEP and ECMWF systems is examined, indicating the overall added value of the dropwindsonde data in improving the track forecasts in the current operational modeling systems.
The influence of additional dropwindsonde observations during the two major typhoon events of T-PARC has also been evaluated by Weissmann et al. (2010) , and the current results showing a higher influence in NCEP GFS and less significant impact in ECMWF IFS are consistent. This is likely related to lower track forecast errors without dropwindsonde data in ECMWF, presumably a result of more extensive use of satellite data and 4D-Var assimilation in ECMWF in contrast to 3D-Var used in NCEP. In addition, Weissmann et al. (2010) showed that the cycling of analyses is essential to gain forecast improvements by additional observations in the ECMWF 
